In order to elucidate the characteristics of the mutations induced by ion particles at the molecular level in plants, mutated loci in carbon ion-induced mutants of Arabidopsis were investigated by PCR and Southern blot analyses. In the present study, two lines of gl1 mutant and two lines of tt4 mutant were isolated after carbon ion-irradiation. Out of four mutants, one had a deletion, other two contained rearrangements, and one had a point-like mutation. From the present result, it was suggested that ion particles induced different kinds of alterations of the DNA and therefore they could produce various types of mutant alleles in plants.
Low linear energy transfer (LET) radiation such as Xrays or γ-rays has been used extensively for inducing mutations and is known to cause point mutations and/or rearrangements (Breimer, 1988) . High LET radiation such as ion particles causes localized, dense ionization within the cell compared to low LET radiation (Kraft et al., 1992) . From microdosimetric and radiobiological considerations, it is proposed that high LET radiation would predominantly produce double strand breaks with damaged end groups whose repairability would be low (Hagen, 1994; Goodhead, 1995) . Therefore, it seems plausible to expect that high LET radiation is able to generate deletions more frequently than low LET radiation.
The spectra of high LET radiation-induced mutations at the molecular level have been most extensively studied in mammalian cells. It is often reported that the frequency of deletion is higher for high LET radiation than for low LET radiation (Schwartz et al., 1994; Stoll et al., 1995; Zhu et al., 1995; Suzuki et al., 1996) . On the contrary, some researchers reported that no significant difference on the frequency of deletions was observed between high LET and low LET radiation-induced mutants (Thacker, 1986; Aghamohammadi et al., 1992; Jostes et al., 1994 , Bao et al., 1995 Yamada et al., 1996) . The reason for the apparent contradiction remains to be elucidated.
Killing and mutagenic effect of ion particles in higher plants have been extensively studied using various kinds of plants (Smith, 1972, for review) . From these studies, it was demonstrated that ions with LETs around 100 keV/ µm gave the highest value of relative biological effectiveness (RBE). Few investigations, however, have been performed on the molecular nature of the structural alterations of the DNA induced by ion particles. Only Mei et al. (1994) found that a rearrangement had occurred in the genome of dwarf mutant of rice induced by argon ions, using random genomic clones as probes.
Elucidating the nature of the mutation at the molecular level induced by ion particles, which have higher LET than X-rays, γ-rays, and fast neutrons, will provide important implications on the use of ion particle-mutagenesis in plant genetics. In order to investigate the nature of mutations induced by ion particles in plants, DNA fragments were amplified by polymerase chain reaction (PCR) from Arabidopsis mutants induced by carbon ions (total energy, 220 MeV; mean LET in seeds, 113 keV/µm). To confirm the structural alteration of the DNA, Southern blot analysis was further carried out.
Dry seeds of Arabidopsis thaliana ecotype Columbia were exposed to carbon ions as previously described (Tanaka et al., 1997) . In the present study, the dry seeds were irradiated with a dose of 150 Gy, which was at the shoulder of the survival curve (Tanaka et al., 1997) . Irradiated M1 seeds (14400 lines) were sown and selfed to obtain M2 seeds. Plants were grown on rock wool at a temperature around 25°C in air-conditioned greenhouse, and were irrigated every 3 or 4 days with 0.03% HIPONeX (HYPONEX Co., Ltd.).
From 52407 M2 plants, gl and tt mutants were selected on the basis of their lack of trichomes on rosette leaves and their lack of accumulation of pigments at the bottom of the stem, respectively. For complementation test, gl mutants were crossed to gl1-1, gl2-1, and gl3-1 tester lines and tt mutants were crossed to tt3-1, tt4-1, tt5-1, tt6-1, and tt7-1 tester lines. Seeds of tester lines used for complementation test were provided from the Nottingham Arabidopsis Stock Centre (NASC). Since the nucleotide sequences of GL1, GL2, TT3, TT4, and TT5 loci had been determined, mutants for these loci were planned to be subjected to PCR and Southern blot analyses. From the screening of mutants and the complementation test, two lines of gl1 mutant and two lines of tt4 mutant were isolated in this study. Two gl1 alleles were designated gl1-3 and gl1-4, and two tt4 alleles were designated tt4(C1) and tt4(C2). Mutant phenotypes often vary among different alleles, indicating that phenotypes are dependent on the type of alteration of the gene. If one assumes that the quality of the mutation is different between low and high LET radiation, it is possible to expect that novel phenotype may arise after carbon ion irradiation. However, none of the mutants isolated in the present study showed novel phenotypes.
Genomic DNA used as a template in PCR was extracted from M3 plants following the procedure described by Konieczny and Ausbel (1993) . Primers for PCR were designed using the computer software Genetix Mac ver. 8.0 (Software Development Co., Ltd.). Sequences and positions of the primers are shown in the following. The position of the GL1 and TT4 primers are numbered according to Oppenheimer et al. (1991) and Feinbaum and Ausubel (1988) , respectively. Amplification of the GL1 locus was carried out at 94°C for 3 min, followed by 50 cycles of 94°C for 1 min, 60°C for 1 min, 72°C for 2 min. At the end of the cycle, the samples were incubated at 72°C for another 10 min for complete extension. In the case of PCR at the TT4 locus, amplification condition was one cycle for Southern blot analysis was extracted from M4 plants by slightly modifying the procedure described by Murray and Thompson (1980) . Gel blots were prepared on positively charged nylon membranes (Hybond-N+, Amersham) by capillary transfer of the DNA. Digoxigenin labeled probes for the analysis of gl1 mutants were synthesized by PCR using primers 3 and 5 (probe I), and primer 4 and 6 (probe II). Digoxigenin labeled probes for the analysis of tt4 mutants were synthesized by PCR using primers 2 and 7 (probe I') and primers 5 and 9 (probe II'). Hybridization was conducted according to the manufacture's protocol (Boehringer Mannheim). After hybridization, filters were washed once with 2 × SSC, 0.1% SDS and then once with 0.1 × SSC, 0.1% SDS at 68°C. Hybridized probes were detected by color reaction using nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl-phosphate (Boehringer Mannheim).
Based on the DNA base sequence (3,614 bp) of the GL1 locus, four kinds of sense primers and three kinds of antisense primers were designed. The electrophoretic patterns of PCR fragments from the wild type and the gl1-3 mutant induced by carbon ions are representatively shown in Figure 1 . In the case of the wild type, DNA fragments were successfully amplified in all combinations of primers (Fig. 1A) . In the case of the gl1-3 mutant (Fig. 1B) , the molecular weights of the amplified DNA fragments were the same as those of the wild type for primer combinations that included either primer 4 or primer 5. However, DNA fragments were not amplified when primer 4 or primer 5 was excluded from the primer set.
The result of the gl1-3 mutant shown in Figure 1 is presented in Figure 2 , panel A. It was indicated that a break occurred at exon 3 between primer 5 and primer 4 in this mutant. Occurrence of a rearrangement was further confirmed by the change of the sizes of the fragments detected by Southern blot analysis (Fig. 3) . Probe I and II hybridized to the same 12.5-kb HindIII fragment of the wild type. However, in the case of this gl1-3 mutant, probe I hybridized to a 8.0-kb HindIII fragment, and probe II hybridized to a 7.5-kb HindIII fragment. Southern blot analysis after XbaI digestion also showed different size of the hybridizing fragments in this gl1-3 mutant when compared with the wild type (6.5 kb for both probe I and II in wild type, 6.6 kb for probe I and 3.5 kb for probe II in gl1-3). Struc- Fig. 2 . Schematic representation of the result of PCR analysis in gl1 and tt4 mutants. (A), The results of PCR analysis in gl1 mutants. The length of base pairs that was sequenced and also the locations of exons and primers are presented. DNA fragments which were amplified are shown as a black box, whereas DNA fragments which were not are shown as a white box. (B), The result of PCR analysis in tt4 mutants. The length of base pairs that was sequenced and also the locations of exons and primers are presented. DNA fragments which were amplified are shown as a black box, whereas DNA fragments which were not are shown as a white box. of 95°C for 2 min, 55°C for 30 sec, 72°C for 3 min, followed by 39 cycles of 95°C for 30 sec, 55°C for 30 sec, 72°C for 3 min. The amplified DNA fragments were analyzed by 1% agarose gel electrophoresis in TAE buffer. Genomic DNA tural alteration that was revealed by PCR and Southern blot analyses is shown schematically in Figure 3 , which indicates that a break occurred at exon 3 and that either an inversion or a translocation took place in this mutant. Fig. 3 . Identification of structural alterations at the GL1 locus in carbon ion-induced gl1 mutants by Southern blot analysis. Genomic DNA samples digested with HindIII or XbaI were separated in a 1.0% agarose gel and hybridized with probe I or II. Probe I and II were synthesized using primer 3 and 5 and primer 4 and 6 shown in Fig. 2 (A) , respectively. Numbers at the left indicate the lengths of the hybridizing fragments in kilobases. Lane a, gl1-3 mutant; lane b, gl1-4 mutant; lane wt, wild type. Structural alteration which was revealed by PCR and Southern blot analyses in the gl1-3 mutant is shown below the wild type GL1 locus. In this mutant, upstream and downstream fragments of the break at exon 3 were rejoined to unknown regions (shaded area), respectively, indicating that either the upstream or downstream fragment of the break was inverted or translocated.
In the case of inversion, it is presumed that another break (upstream of primer 1 or downstream of primer 7) occurred and subsequently the region between the breaks was inverted. In the case of translocation, it is presumed that another break (upstream of primer 1 or downstream of primer 7) occurred and subsequently the region between the breaks was translocated or that the upstream or down- Fig. 4 . Identification of structural alterations at the TT4 locus in carbon ion-induced tt4 mutants by Southern blot analysis. Genomic DNA samples digested with BclI or EcoRI were separated in a 1.0% agarose gel and hybridized with probe I' or II'. Probe I' and II' were synthesized using primer 2 and 7 and primer 5 and 9 shown in Fig. 2 (B) , respectively. Numbers at the left indicate the lengths of the hybridizing fragments in kilobases. Lane a, tt4(C1); lane b, tt4(C2); lane wt, wild type. Structural alteration which was revealed by PCR and Southern blot analyses in the tt4(C1) mutant is shown below the wild type TT4 locus. In this mutant, upstream and downstream fragments of the break at exon 2 were rejoined to unknown regions (shaded area), respectively, indicating that either the upstream or downstream fragment of the break was inverted or translocated.
stream region was translocated as a chromosome fragment without any additional breaks. In the gl1-4 mutant, neither DNA fragment was amplified by PCR nor hybridizing NOTES band was detected using probe I or II (Fig. 2, panel A and  Fig. 3 ). These results indicate that this mutant carries an entire gene deletion. Since this gl1-4 mutant neither exhibited fus3 nor uvr1 phenotype for which the genes responsible were mapped on both sides of GL1, the deletion seems not to exceed 12 cM (data from classical genetic map of A. thaliana, URL http:// mutant. lse. okstate. edu/ genepage. html). In the case of tt4(C1) mutant, it was found from PCR analysis that a break occurred within exon 2, between primer 7 and primer 8 (Fig. 2, panel B) . It was shown from Southern blot analysis that the size of the hybridizing fragments in this mutant differed to those in the wild type (Fig. 4) , further supporting the conclusion that this mutant possesses a rearrangement. Structural alteration that was revealed by PCR and Southern blot analyses is shown schematically in Figure 4 , which indicates that a break occurred at exon 2 upstream of the EcoRI site and that either an inversion or a translocation took place in this tt4(C1) mutant. In the tt4 (C2) mutant, the amplified DNA fragments showed the same molecular weights as those of the wild type for all primer combinations (Fig. 2, panel B) . Further, hybridizing fragments to either probe I' or II' after digestion of the genomic DNA with BclI and EcoRI had the same moleclular weight of those observed in wild type (Fig. 4) . These results of PCR and Southern blot analyses indicate that this mutant may carry a point-like mutation.
The present study is, to our knowledge, the first report on the molecular analysis of mutations induced by high LET ion particles in plants. Out of four mutants induced by carbon ions, one had a deletion, other two contained rearrangements, and one had a point-like mutation. Bruggemann et al. (1996) reported that 13 out of 18 long hypocotyl 4 (hy4) homozygous mutants of Arabidopsis induced by fast neutrons carried deletions larger than 5 kb. Since carbon ions give much higher LET than fast neutrons, deletions were expected to be more predominant after ion particle-irradiation. However, results in the present study indicate that, rather than generating deletions, high LET radiations induce various types of alteration of the DNA including deletion, rearrangement, and point mutation in Arabidopsis. It may be suggested that ion particle-irradiation could induce various types of novel alleles and hence that ion particles can be used as a useful mutagen in plants.
Large genetic changes induced by ion particles, such as deletions and rearrangements, will be quite valuable in plant genetics for the following reasons. First, large genetic changes will quite likely generate a null phenotype, which will serve as an important material for estimating the in vivo function of a gene product. Second, with mutants harboring deletion or rearrangement at the gene responsible for the mutated phenotype, one could isolate the gene using molecular techniques such as genomic subtraction and representative difference amplification (RDA) (Sun et al., 1992; Lisitsyn et al., 1993) . Third, the knowledge of the mechanism of induction of deletion or rearrangement may provide important insights on DNA double strand break repair in higher plants. To elucidate the underlying mechanisms of the generation of rearrangements, further sequence analysis using mutants isolated in this study are in progress.
